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The need to operate at dual-frequency can arise in vehicularsatellite communication systems where low-cost antennas with an almost isotropic pattern over the upper hemisphere are required; this matches well the characteristics of patch antennas.
When the system requires operation at two frequencies too far apart, dual-frequency patch antennas may avoid the use of two different antennas; a typical case is that of S A R . As is well-known, the present S A R antennas employ dirferent arrays for each band. The trend of S A R antennas of the future generation is to cover at least two of the three bands with a dual-frequency antenna. This would reduce weight and surface, thus improving the possibilities of accommodation under the launcher fairing. A dual-frequency patch antenna for S A R is very complicated to conceive, and represents an example in which all the possible critical issues involved in dual-frequency antennas coexist.
The first critical point concerns the design of the active part of the basic transmit-receive (T-R) module. Thc best solution would be to realize the same MMIC for the two bands, but this is often not practical, due to the large separation between the two frequencies that require different microwave components for each frequency (particularly for the receiving channel). The second issue is concerned with the design of a single feed network for the two frequencies. This is probably the most critical problem to solve, considering that dual-linear polarization is often required. This is strictly related to the architecture of the radiating part, which not only must ensure sufficient physical space for printing the microstrip feed lines, but also good isolation between the two frequencies, as well as between the two polarizations.
The two points mentioned above constitute open and challenging problems, and their discussion is beyond the purpose of this paper. Our attention will be focused on the radiating structures of dual-frequency patch antennas. In particular, in the next section, some solutions presented in the literature are reviewed. Next, some single-layer configurations that have been recently developed are presented. Finally, conclusions and future improvements will be discussed.
Dual-frequency techniques for patch antennas
In principle, dual-frequency planar antennas should operate with similar features, both in terms of radiation and impedance matching, at two separate frequencies. Obtaining these features by using planar technologies is not a straightforward matter, particularly when the intrinsic structural and technological simplicity typical of patch antennas is to be preserved.
As is well-known, a simple rectangular patch can be regarded as a cavity with magnetic walls on the radiating edges. The first three modes with the same polarization can be indicated by TM,,,, TM,,,, and TM300, where TM denotes the magnetic field trans-verse with respect to the interface normal. TMio, is the mode typically used in practical applications; TM,oo and TM,,, are associated with a frequency approximately twice and triple of that of the TM,,o mode. This provides, in principle, the possibility to operate at multiple frequencies. In practice, the TM200 and the TM,o, modes cannot be used. Indeed, owing to the behavior of the radiating currents, the TM200 pattem has a broadside null, and the TM300 pattem has grating lobes.
The simplest way to operate at dual frequencies is to use the first resonance of the two orthogonal dimensions of the rectangular patch, Le., the TMloo and the TMolo modes. In this case, the frequency ratio is approximately equal to the ratio between the two orthogonal sides of the patch. The obvious limitation of this approach is that the two different frequencies excite two orthogonal polarizations. Anyway, this simple method is very useful in low-cost short-range applications, where polarization requirements are not pressing.
The above approach characterizes a first category of dual-frequency patch antennas, which will be identified as 1) orthogonalmode dual-frequency patch antennas. This category can be extended to any kind of patch shape that offers two cross-polarized resonant modes. Most of the other dual-frequency patch antennas found in the literature can be subdivided into 2) multi-patch dualfrequency antennas, and 3 ) reactive2y-Zoaded dual-frequency patch antennas. In the following, a brief overview of these three types of dual-frequency antennas is presented. For the sake of convenience, a summary is included in Figure 1 .
Orthogonal-mode dual-frequency patch antennas
As mentioned before, these antennas are characterized by two resonances with orthogonal polarizations. These may be obtained, in the simplest case, by a rectangular patch [l, 21. An interesting feature of these antennas is their capability of simultaneous matching of the input impedance at the two frequencies with a single feed structure (denoted by "single-point" in Figure 1 ). This may be obtained with a probe-fed configuration, which is displaced from the two principal axes of the patch. As demonstrated in [l], the performance of this approach in terms of matching level and bandwidth is almost equal to that of the same patch fed separately on the two orthogonal principal axes. This provides the possibility of using the well-known design formula for standard feeds. It is also worth noting that the simultaneous matching level for structures that provide the same polarizations at the two frequencies is, in general, worse with respect to the case relevant to orthogonal polarization.
As suggested in [2], single-feed dual matching may be obtained by using slot coupling, in which the slot is inclined with respect to the microstrip feed line. The required slot length and inclination angle can be approximately obtained by projecting the slot onto the two orthogonal directions. The two projections can be thought of as the length of two equivalent slots that excite the patch at the two separate polarizations. The inclination of the slots may also be adjusted, in order to compensate for error introduced by the matching stub, which is designed to be a quarter of a wavelength for only one frequency.
Orthogonal modes may be excited by separated microstrips (see "dual-point feed" in Figure 1 ). In [3] , a circular patch is used, in which two modes in the circular cavity are excited by two orthogonal slots. be obtained. This solution cannot provide flexibility in designing the hequency ratio. A different shape is suggested in [4] , where the patch rim is composed of two intersecting portions of circles of the same radius, with their center displaced by a distance that is designed to have a given frequency ratio. Good isolation between the orthogonal ports can also be obtained with electromagnetically coupled microstrip feed lines (27 dB).
Multi-patch dual-frequency antennas
In these structures, the dual-frequency behavior is obtained by means of multiple radiating elements, each of them supporting strong currents and radiation at the resonance. This category includes multi-layer stacked patches (see "stacked" in Figure 1) that can use circular [ 5 ] , annular [6] , rectangular [7] , and triangular [8] patches. These antennas operate with the same polarization at the two frequencies, as well as with a dual polarization. The same multilayer structures can also be used to broaden the bandwidth of a single-frequency antenna, when the two frequencies are forced to be closely spaced. In this latter case, the lower patch can be fed by a conventional arrangement, and the upper patch by proximity coupling with the lower patch [7] . In order to avoid disappearance 14 /€€€Antennas and Propagation Magazine, Vol. 39, No. 6 , December 1997 of the upper resonance, the sizes of the two patches should be close, so that only a frequency ratio close to unity may be obtained.
A direct probe feed for the upper patch may also be used [5, 61. In this case, the probe passes through a clearance hole in the lower patch, and is electrically connected to the upper patch. This kind of configuration insures one more degree of freedom (the hole radius) in designing the optimum matching at the two frequencies, and allows a wider range of the frequency ratio with respect to the structure in which the upper patch is electromagnetically coupled. In comparison with the resonant frequencies of the two isolated patches, the frequency of the upper (smaller) patch increases, and the frequency of the lower (larger) patch decreases. In any case, due to the strong coupling between the two elements, simple design formulas cannot be found, so that a full-wave analysis is, in general, required in the first phase of the design.
Multi-frequency antennas can also be obtained by printing more resonators on the same substrate (see "co-planar" in Figure 1 ). Croq and Pozar [9] suggested parallel rectangular dipoles, coupled by a slot, that present a triple resonance, with frequency ratios of approximately 1.35. Radiation pattems have been shown to be consistent at all operating frequencies, and the antenna is attractive for its simplicity.
All of the multi-resonator antennas discussed above allow only a limited value of the frequency ratio, so that they are suitable for short-link transmit-receive modules or vehicular-satellite communications. Radar applications, such as S A R and multi-spectral scatterometers, often require a large separation between the frequencies, so that the multi-resonator structure must involve patches of very different sizes. A simple example of this concept is that presented in [lo] . This consists of a cross-shaped patch for the lower frequency, and a subarray of four patches for the upper frequency. This structure will be discussed in more detail in the next section.
For a large separation between the two frequencies, the criteria of a drastic separation of the patch antenna associated with each frequency may be adopted. For example, the patches and the relevant feed networks for the two frequencies can be stacked on two different substrates, thus obtaining two almost-independent antennas. The structure presented in [l 11 is an array of dual-frequency modules with two superimposed two-layer structures, one for each frequency. The lower structure is a slot-coupled patch, resonating at 0.9 GHz; the upper structure is a four-patch sub-array, operating at 2.5 GHz. This sub-array is slot-fed by a Wilkinson divider network that is located between the finite slotted ground plane of the sub-array and the low-frequency patch. This arrangement has the advantage that the two sub-antennas can be designed almost independently, provided that orthogonal polarizations at the two frequencies are imposed. In this configuration, one should expect parallel-plate mode excitation between the slotted ground plane and the lower patch. This can produce spurious radiation and coupling between the array transmit-receive modules.
Reactively-loaded patch antennas
The most popular technique for obtaining a dual-frequency behavior is to introduce a reactive loading to a single patch. The simplest way is to connect a stub to one radiating edge, in such a way as to introduce a further resonant length that is responsible for the second operating frequency. This may easily be understood by resorting to the transmission-line model. As is shown in Figure 1 , other kinds of loading can be used, including notches, pins and capacitors, and slots.
The reactive-loading approach was first used in [12] , where an adjustable coaxial stub was employed. This structure may provide both tuning and design of the frequency ratio in a simple manner; on the other hand, it is encumbering and not well-suited for high frequencies. In [13] , a more practical configuration is presented, in which the stub is constituted by a microstrip.
Loading the radiating edge with an inset [14] or a spur-line [15] ("notch loading") is an altemative way to introduce a dualfrequency behavior that creates the same effect as the microstriploading effect, with the advantage of reduced size. However, both with stubs and notches, the frequency ratio cannot be designed to be higher than 1.2 without introducing strong cross-polarization levels or pattern distortion at the additional frequency.
To obtain higher values of the frequency ratio, different approaches have been proposed. In particular, one can modify the resonant frequency of the TM,,, and/or of the TM,,, mode, by using shorting vias or lumped capacitors between the patch and the ground plane. As shown in [16] , by locating the shorting pin where the current distribution of the TM,,, mode exhibits a minimum, a strong perturbation of its resonant frequency is obtained, while the TM,,, mode remains almost unperturbed. This permits a frequency ratio of from 2 to 3, by increasing the number of vias. The disadvantage is that the radiation pattem of the perturbed TM,,, mode is affected by spurious lobes. An exhaustive investigation of the use of shorting vias for changing the resonant frequency and the polarization is carried out in [17] . There, the use of pin diodes is proposed for changing the loading configuration, thus allowing frequency agility. Very high values of the frequency ratio (4-5) can be obtained by means of two lumped capacitors, connected from the patch to the ground plane [ 181.
Another kind of reactive loading can be introduced by etching slots on the patch. The slot loading allows for a strong modification of the resonant mode of a rectangular patch, particularly when the slots are oriented to cut the current lines of the unperturbed mode. In particular, as shown in [19] , the simultaneous use of slots and short-circuit vias allows a frequency ratio of from 1.3 to 3, depending on the number of vias. Other kinds of slot-loaded patches have been independently introduced in [20] and [21] , and consist of a rectangular patch with two narrow slots etched close to and parallel to the radiating edge. The same configuration has been investigated in [22] , and extended to dual polarization in [23] . More details are given in the next section.
Before proceeding further, it is worth noting that some original dual-frequency structures, such as those proposed in [24] and [25] , cannot be easily framed into the categories that we have mentioned.
Some geometries for single and dual linear polarization
Examples of dual-frequency patch antennas are shown in Figures 2-4 [20-231. These belong to the category of the reactivelyloaded patch antennas, in which the loading is obtained by using slots on the patches. The first configuration is used for linear polarization, while the second and the third are suitable, with different features, for dual-linear polarization. For all of these antennas, the frequency ratio may be easily adjusted from 1.6 to 1.9. For a frequency ratio of from 2 to 3.5, the multi-resonator structure shown in Figure 5 can be successfdly used. In the following, the above antennas are discussed.
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to and parallel to the radiating edges. The location of the slots with respect to the patch is defined by the quantities w and I, which are very small with respect to the dimensions L and W of the patch. The antenna may be fed with either an aperture [20-211 or a probe feed [22] .
The dual-frequency operation in the slotted structure can be interpreted as that associated with two modes that arise from the I, perturbation of the TM,,, and of the TM,,, mode. In particular, since the narrow slots are etched close to the radiating edges, they are located close to the current minima, so that minor perturbations of the TM,,, mode are expected. The radiative mechanism associated with this first mode i s essentially the same as that of a patch without slots. As a consequence, its resonant frequency is only slightly different ffom that of a standard patch.
On the other hand, the current distribution of the TM,,, mode is strongly modified, since the slots are located where the currents of the unperturbed TM,,, mode should be significant. The currents circulate around the slots, and find a resonant condition with nulls close to the two edges of each slot. This condition forces the central section of the current distribution to be broader than that corresponding to the unperturbed TM300 mode, thus becoming similar to that of the TMloo mode. The resonant frequency decreases, due to the increase in the current-line path length.
Regarding the radiation pattem, in [22] it is shown that when the slots are very short, the radiation pattem exhibits three lobes, as does that of the unperturbed TM300 mode. As the slot length increases, the central lobe of the pattern first reduces, and then disappears. A condition may be found in which the radiation pattem exhibits a null at broadside. When the slot length (L,) further increases, the field contribution from the currents located in the central part of the patch becomes more significant, and this fills up the pattem in the broadside direction. For L, comparable to W, the radiation pattern is very similar to that of the TM,,, mode of a standard patch, so that the two modes exhibit radiation properties very similar to each other, as desirable for a dual-frequency antenna. This consideration has to be accounted for when designing the frequency ratio of the antenna. Indeed, L, is the most important parameter for managing the upper frequency, so that the regularity of the pattem at the upper frequency imposes constraints on the frequency-ratio range.
Let us denote by fioo and f300 the resonant frequencies associated with the modified TM,,, and TM,,, modes, respectively. In order to design the two frequencies, simple semi-empirical formulas, based on physical models, have been found very useful. Since the first resonance is not much affected by slot loading, the first frequency can be predicted by slightly modifying the wellestablished formula for rectangular unslotted patches, i.e., The upper resonant frequency can be predicted according to a simple transmission-line model, which is derived by observing the behavior of the current distribution at the upper resonance. Since the currents find a resonant condition by circulating around the slots, the narrow portion of the conductor that encircles the slot behaves like two half-wavelength open-circuit stubs. The effective dielectric constant of these equivalent stubs can be determined by assuming a w-width microstrip-line model to describe the current distribution around the slot. This allows predicting the second resonant frequency according to The ranges of validity and the accuracy of Equations (1) and (5), with respect to results from a full-wave analysis, are given in [22] . From these formulas, the frequency ratio can be well controlled in a range from 1.6 to 1.9, by changing the patch dimensions and the slot lengths. In order to extend this range, two resonating microstrip stubs can be printed on a back substrate, and connected at a point between the slots and the radiating edges of the patch by two vias through the ground plane [22] . This arrangement permits a frequency ratio ranging from 1.2 to 3. The capability of matching the input impedance at two frequencies with a single-feed-point probe-feed configuration is also analyzed in [22] . By a proper choice of the feed point, it is possible to obtain 16 dB for the input reflection coefficient at both frequencies.
Slotted square-patch antenna
Dual-polarization behavior can be obtained by using two pairs of orthogonal slots on a square patch. This leads to the slotted square-patch antenna depicted in Figure 3 . The physical principle of operation is the same as that for linear polarization. Indeed, for both TMloo and TM300 modes, the cross-polarized slots do not perturb the actual current distribution. This also provides a good decoupling between the two orthogonal modes TM,,, and TM,,, ( n = 1,3). A decoupling between the two ports of -35 dB and -4OdB was found at the lower and the upper frequency, respectively.
The lower frequency can be predicted according to Equation (l), in which the factor G assumes the different expression ~231
Regarding the upper frequency, the same model as described for the slotted rectangular-patch antenna can be applied, thus leading to Equation (5) . However, in this case, the accuracy is worse than that for the slotted rectangular-patch antenna, due to the fact that the model does not account for coupling between the parallel slots.
This deficiency, which is not significant for the slotted rectangularpatch antenna, assumes here more importance, due to the square geometry. Furthermore, the slotted square-patch antenna exhibits a smaller range of frequency ratio than the slotted rectangular-patch antenna.
Slotted cross-patch antenna
Removing the portion of the metallization close to the slot ends gives rise to the slotted cross-patch antenna, shown in Figure4 . In this configuration, both the slot length, L,, and the dimension L can be reduced simultaneously, thus eliminating the currents that are the main cause of pattern distortion. This also allows a more extended range of the frequency ratio, owing to the additional geometrical parameter. The distance between the slots and the patch edges plays an important role in the antenna properties. This parameter should be kept small to avoid perturbations of theTMloomode.
The lower frequency can be predicted from Equation (l), in which the factor G now assumes the expression [23] Ls w w w
The upper frequency, J & , , can be predicted by employing the same model as for the slotted rectangular-patch antenna and the slotted cross-patch antenna. Using the pertinent parameters yields
In contrast to the slotted square-patch antenna, this expression has been found to be very accurate, due to the coupling reduction between perpendicular slots. In Equation (8), L -L, is assumed to be very small [23] .
Another significant advantage of the slotted cross-patch antenna, with respect to the slotted square-patch antenna, is the improved decoupling of the two orthogonal ports at the lower frequency it is 5-6 d 3 better The slotted cross-patch antenna is also preferable in terms of simultaneous matching by using a single feed-point in the probe-fed configuration [23] . On the other hand, the slotted square-patch antenna occupies less space compared to the slotted cross-patch antenna, the resonant frequencies being equal. Furthermore, it has a slightly better behavior in terms of cross-polar components, since the cross geometry provides further transverse current lines on the patch
Cross-subarray dual-frequency patch antenna
The cross-subarray patch antenna, shown in Figure 5 , allows large values of the frequency ratio [lo] . It consists of a cross patch working at the lower frequency, and four square patches operating as a subarray at the upper frequency. The layout is designed to obtam a compact and modular structure, and is well suited for use in dual-frequency arrays. The geometry has two symmetry planes, to provide radiation in dual-linear polarization, as required in S A R antennas. The cross-patch resonance is only slightly perturbed by the four square patches, providing that the radiating edges of the cross patch are sufficiently spaced from the four square patches. Thus, the design of the relevant frequency can be performed by using well-known CAD formulas On the contrary, the resonance of the square patches may be affected by the presence of the cross patch, which causes a reactive loading of the square patch. Therefore, the upper resonance GZUI be slightly lower than that predicted for four isolated patches. The decrease of this upper frequency is noticeable when the spacing (g in Figure 5 ) is lower than the substrate thickness. However, even in this case, the use of a simple transmission-line model, with a proper edge-capacitance loading, can provide an accurate prediction of the upper frequency Eventually, the geometry provides the possibility of a flexible and simple final design. In designing the antenna, one should choose carefully the distances between the square patches, which have to be less than 0.701 to avoid scan blindness at the upper frequency. This requirement is significant when the module is placed into an array architecture. In this case, care must also be taken in designing the distances between the cross patches. A possible solution for an
between the reduction of the coupling among the cross patches, and the possible scan blindness occurrence at the upper band However, practical considerations of the coupling and of the possibility to locate the feed network would suggest a larger spacing among cross patches This would require a basic periodic cell, made of one cross patch and nine square patches
The disadvantage of the above configuration for the S A R application is its intrinsic limitation of bandwidth (especially at the lower frequency), which derives from the use of a single substrate. A more convenient structure, from this point of view, consists of printing the cross patches on a superstrate with a very low dielectric constant, located on the square-patches' substrate. This structure, and the relevant feed network inside a basic periodic cell, with an element of one cross patch by nine square patches, is presently under investigation.
Concluding remarks
An overview of dual-frequency patch antennas has been carried out, with special emphasis on configurations that are particularly attractive for their simplicity and design flexibility. Attention has been focused on the geometry of the radiators, avoiding the important problem of the dual-frequency feed network. The work that is discussed in the literature on this latter subject is very insufficient, and further research is needed. The use of a single feed network for both frequencies may be practical only when the two frequencies are very close to each other. For large separations between the frequencies (a frequency ratio of 2.5 to 3), two different microstrip networks have to be designed. This must be done taking into account the coupling between them; they are forced to coexist in a restricted space, especially when dual polarization is required.
The current trend toward high values of frequency ratio involves separating the structures relevant to the two frequencies on different dielectric layers, in such a way as to obtain two antennas that are, as much as possible, independent In this case, two options should be investigated The first is to pnnt the smaller (upper-frequency) patches on a dielectric layer above the larger patches This could have the advantage of limiting the blockage of the low-frequency radiation On the other hand, in this condition the larger patches work on a substrate presumably thin in terms of a wavelength, so that their bandwidth could be too narrow The second possibility is to print the larger patches on the upper layer, to broaden their bandwidth Although this latter solution has the impairment of causing blockage of the upper-frequency radiation, and possible excitation of cross-polar components, in our opinion it seems to be more interesting, provided the lower-frequency patches can be shaped properly
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